Abstract. We describe a revolutionary new approach to high spectral resolution soft x-ray optics. Conventionally in the soft x-ray energy range, high spectral resolution is obtained by use of a relatively low line density grating operated in 1 st order with small slits. This severely limits throughput. This limitation can be removed by use of a grating either in very high order, or with very high line density, if one can maintain high diffraction efficiency. We have developed a new technology for achieving both of these goals which should allow high throughput spectroscopy, at resolving powers of up to 10 6 at 1 keV. Such optics should provide a revolutionary advance for high resolution lifetime free spectroscopy, such as RIXS, and for pulse compression of chirped beams. We report recent developmental fabrication and characterization of a prototype grating optimized for 14.2 nm EUV light. The prototype grating with a 200 nm period of the blazed grating substrate coated with 20 Mo/Si bilayers with a period of 7.1 nm demonstrates good dispersion in the third order (effective groove density of 15,000 lines per mm) with a diffraction efficiency of more than 33%.
INTRODUCTION
Recent accomplishments in the development of ultra-high resolution diffraction gratings for EUV and soft x-ray applications are discussed below. The work started at the Advanced Light Source (ALS), LBNL in 2007 as a Laboratory Directed Research and Development (LDRD) project. The goal is to establish and demonstrate the technology required for ultra-high resolution Resonant Inelastic soft X-ray Scattering (RIXS) [1] [2] [3] [4] . RIXS is a relatively new probe of matter, which can directly measure the energies of the soft excitations that are thought to be at the root of the complex properties of correlated electronic systems such as high Tc superconductors. Its main feature is that it is a spectroscopic probe that avoids limitations imposed by core hole lifetime energy broadening of conventional spectroscopies.
Although many interesting experiments have been performed, the power of the RIXS technique has not been fully exploited because conventional grating spectrometers have not been capable of achieving the extreme resolving powers that RIXS can utilize. State of the art spectrometers in the soft x-ray energy range achieve 0.25 eV resolution, compared to the energy scales of soft excitations and superconducting gap openings that are only a few meV. Achieving such an improvement cannot be made with conventional grating optics. First, the improvement of the resolution would dictate use of slit sizes that are extremely small and, therefore, difficult to fabricate. Second, with such small slit sizes, almost all flux would be lost. Third, extremely large spectrometers would be required. And fourth, because of the large size of an emission spectrometer and strongly collimated beam, unrealistically small optical slope errors would be required in the optics of the spectrometer.
The present investigation is directed to develop a technology for fabrication of small-sized diffraction gratings with ultra-high spectral resolution and high efficiency capable to overcome the deadlocks listed above.
There are three principle ways to achieve the necessary specifications for RIXS at meV energy resolution in the soft x-ray energy range - Fig. 1 .
One way is to use a reasonably low density grating in high order - Fig. 1a . For this approach, simulations [5] have shown that it is possible to design a multilayer (ML) grating that effectively diffracts almost all the energy into a defined order. The key to this is to reduce the land to period ratio to the point, where there is no overlap between orders, and to design the land with a width to period ratio to match the location of the first maximum in the normal slit response function. However, the issue is that higher orders would require impractically small land to period ratios. FIGURE 1. Different approaches to obtain high resolution in the soft x-ray energy range: a) grating operating in high order [5] ; b) blazed multilayer grating optimized for high order [6] [7] [8] [9] [10] [11] [12] [13] [14] , c ) extremely high line density sliced grating working in the first order [5, [12] [13] [14] .
Another approach that has been under development in different labs for the last two decades is based on blazed multilayer gratings optimized for high order [6] [7] [8] [9] [10] [11] [12] [13] -Fig. 1b . The performance of the blazed grating is determined by the surface quality and dimensional tolerances of the echellette substrate, as well as by the quality of the deposited multilayer. The developed fabrication methods based on interference lithography combined with ion-beam etching [7, 10] and gray-scale e-beam lithography [8] allow currently to achieve a diffraction efficiency of 30-40% at the EUV wavelengths of 12-16 nm with a grating with the groove density up to 3000 grooves/mm optimized for diffraction in the first or the second order [7, 8, 11] . In the present work (see the next section), we report on fabrication details and experimental characterization of a blazed multilayer grating with 5000 grooves/mm optimized for third order diffraction of 14.2 nm EUV light [14] . Note that so far high diffraction efficiency has been achieved only in the EUV energy range. In order to extend the use of the blazed multilayer gratings to soft x-ray energies, one needs to further increase the density of the grooves and/or optimize the grating efficiency for diffraction in significantly higher orders. In this case, the requirements for the grating fabrication tolerances would be extremely hard to achieve.
NEW METHOD FOR FABRICATION OF ULTRA-HIGH RESOLUTION GRATINGS
In order to get a resolving power in first order diffraction of 10 6 in a reasonably compact x-ray spectrometer, a grating with 10 6 grooves and with extremely high line density, ~50,000 l/mm, would be desired. For high energy xray applications, there is a unique opportunity to use an asymmetrically cut crystal as an ultra-high density grating [15] [16] [17] . Unfortunately, it is difficult, if not impossible, to find a crystal with a lattice constant, large enough for soft x-ray applications [18] .
For EUV and soft x-ray applications, such a grating can be fabricated by slicing and polishing the ML structure at some angle to the plane of the ML. This reveals the periodic structure with the period determined with the ML bilayer spacing and slice angle values. A high dispersive power of a slicing grating with a MoSi 2 /Si ML at an angle of 10 degrees was experimentally demonstrated in the EUV wavelength range [19] [20] . However, the number of grooves of such a grating is limited by the number of bilayers. The existing deposition techniques do not allow exceeding a total number of layers of ~10 3 (see analysis in Ref. [5] ). Figure 1c illustrates a revolutionary new grating design suggested in Ref. [5] that can potentially provide 10 5 -10 6 grooves with a reasonably small grating with length of 2-10 cm. Such gratings can be fabricated by polishing blazed ML gratings, transforming the structure in Fig. 1b to one in Fig. 1c . The resulting sliced grating has a short-scale periodicity of lines (bilayers), which is defined by the multilayer period and the oblique-cut angle.
Compared to a blaze grating, a sliced grating (Fig. 1c) should possess higher efficiency because of a decreased shadowing effect. Moreover, a sliced grating should provide a more regular diffraction pattern without strong mixing of orders that would be characteristic for a blazed multilayer grating diffracting in very high order. Indeed, the higher the diffracted order, the smaller order separations are. However, on the top of an echellette substrate, it is practically impossible to fabricate an ideal multilayer structure, as one schematically shown in Fig. 1b . Due to angular dispersion of the depositing beam and due to the dependence of deposition rate on the beam incidence angle, there appears a significant perturbation of the multilayer structure in the vicinity if the echellette groove's edges. By polishing, a significant part of the perturbed area of a groove would be removed, and the diffraction quality of the grating should be improved.
A first prototype of a multilayer sliced grating, based on the described technique, has been shown in Ref. [13] . The grating had a Sc/Si multilayer with bilayer period of 25 nm deposited by dc-magnetron spattering on an echellette substrate with period of 10 µm and groove angle of 6 degrees (Fig. 2a) . The Sc/Si multilayer was mechanically polished using a number of diamond pastes. The resulting sliced grating had a diffraction efficiency of ~7% for the optimized 38th order diffraction of EUV light with the wavelength range of 41-49 nm (Fig. 2b) .
The prototype sliced ML grating appears to be far from an ideal sliced grating, which would be expected to diffract solely in the first order determined by the period of the sliced ML lines. In the contrary, it diffracts in multiple orders corresponding to the residual 10 µm periodicity of the grating structure (Fig. 2c) . The major distortion factor is the gradient of periodicity of the sliced multilayer lines inside one echellette groove that also repeats with the 10-µm period of the echellette substrate. The gradient of periodicity of the lines is due to the curvature of the echellette facets and the mentioned perturbation of the multilayer coating near the groove's edges. The last problem was redoubled by the presence of the residual nubs, seen in Fig. 2a , which are the unetched artifacts shielded by the nitride mask.
FIGURE 2.
A first prototype of a multilayer sliced grating: a) structure of the echellette substrate, anisotropically etched in a Si wafer [13] ; b) Scanning Electron Microscope (SEM) image of the sliced Sc/Si prototype grating; c) angular dependence of the diffraction efficiency of the prototype grating measured at different light wavelengths. The incidence angle was 10 degrees. The low resolution of the used spectrometer was not optimized for resolving the diffraction orders.
Significant efforts were directed to improve the facet profile. This became possible due to a careful optimization of the fabrication processes, removing the nubs, and using an echellette substrate with a smaller period [14] . Additionally, the ML deposition process was optimized in order to produce a more uniform coating with minimum deposition on the anti-blazed facets.
Using the improved technology, a blazed Mo/Si ML grating with 20 bilayers deposited on a nub-free echellette substrate with a period of 200 nm [9] was fabricated. The efficiency of the grating was measured at ALS beamline 6.3.2 [21, 22] to be 33%for the optimized third order diffraction. The grating profile and the results of the diffraction measurements are presented in Fig. 3.   FIGURE 3 . Blazed grating fabricated with the improved processes: a) structure of the echellette substrate anisotropically etched in a Si wafer, after the nubs were removed, and afrter the Mo/Si ML coating deposition. b) Angular dependence of the diffraction efficiency of the prototype grating measured at the light wavelength of 14.2 nm.. The incidence angle was 11 degrees. Diffraction efficiency in the optimized third order is about 33%.
